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By E. Widmaye??, Jr . 
SUMMARY 

A n  investigation of f l u t t e r  of w i n g s  mounted on the af te r   por t ion  of 
a body f ree  t o  pitch wa.s made In the Lak ley  4.5-foot f lut ter   research 
tunnel. The purpose of the  investigation was t o  explore  the  effect of 
wing location on a  low-frequency f l u t t e r  which had occurred i n  some rocket 
t e s t s .  Uniform wings  of 00 and 450 eweep were t e s t e d   a t  v-arfous positione 
rearward of the  pitch  axis.  A l l  experiments were performed in a i r  a t  
atmospheric  pressure and at low speeds. 

A low-frequency flutter  involving  primarily wing deformation and body 
pitching was obtained on the unswept winge. The f lut ter   f requencies  were 
i n  the  order of the  "short  period"  stability  frequencies, being consid- 
erably below the  lowest natural deformation  frequencies of the  wing. The 
reduced frequencies a t  f l u t t e r  were i n  range of 0.01to 0.03, representing 
a wave length of fro= 210 t o  500 semichords. No low-frequency f l u t t e r  was 
obtained with the 450 swept wings f o r  the few cases  conaidered. 

A comparison of  the experiment has been made with  theory, w i t h  various 
assumptions regarding  the  air  forces  being used. The experlmental  trend 
of the  f lutter-speed  coefficient t o  increase  as  the u n s w e p t  wings were 
moved rearward was also  obtained f r o m  the analysis. It was found that 
taking  account of f i n i t e  span effects  gave b e t t e r  agreement  between  exper- 
iment and theory than did the  use of two-dimensional air forces. The 
experimental and calculated  frequencies of f l u t t e r  when referred t o  the 
natural  deformation  frequencies of the wing were of the 8ame order of 
magnitude. 

INTRODUCTION 

During some previous f l u t t e r   t e e t s  made with rocket models having the 
wings rearward of the  configuration  center of gravfty, a low-frequency 
flutter involving w i n g  deformation  and.rigid-boQ freedoms was encountered 
on unswept d n g s  ( re f .  1). AII analysis of  US type of f lu t te r   ind ica tes  
that the mode o f  f l u t t e r  i s  strongly Lnfluenced by the wing location with 
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respec t   to  the configmation  center of gravity. The problem of the  effect  b 

o f  rigid-body freedoms (fuselage  mobility) on f l u t t e r  has been  of i n t e re s t  
f o r  some time ( re f s .  2 t o  4). The early  investigations  for  the most part 
dealt with conventional  locations  of  umwept’wings,  the  system  center  of 1 

gravity  being  close to the w i n g  quarter chord. Interest   in  the  subject 
has increased with the use of swept w i n g s ,  tai l less  configurations,  and 
wing locations remote from the system center of gravi ty   ( refs .  5 t o  8 ) .  
References 6, 7, and 8 t reat   experimental ly   f lut ter  of  swept, cranked, 
and de l ta  w i n g s  having  root freedoms i n   p i t c h  and translation. 

I n  some recent wind-turmel  experiments on the   f lu t te r  of wing and 
horizontal-tail  conbiuationa, a low-frequency flutter  involving wing 
deformation and  body pitching was obaerved when t h e   t a i l  was absent. 
Since  f lut ter  of t h i s  kind may have a bearing on the   s t ab i l i t y  of missiles 
and ta i l less   designs and since  there seems t o  be a Lack o f  data on this 
type  of f lut ter ,   these experiments on a t a i l l e s s  model are  being  reported. 
These experiments, made at low speeds, were performed fo r  some uniform 
w i n g s  having 00 and 45’ sweep i n  which the wing was located  rew&rd of 
the pitching axis. A comparison is made of all resu l t s  of  the  experi- 
ments with some ana ly t ica l   resu l t s   in  which aerodynamic forces based on 
various approximations were used. The f l u t t e r  involved low reduced f re -  
quencies,  an3 it might be  ex-pected.tPlat the effects  of  aspect   ra t io  would 
be important. The calculations were based on the  following air ‘forces: 
(a> the  unsteady two-dimensional  theory of  reference 3, ( b j  the  unsteady 
two-dimensional theory of reference 9 modified to  include  finite-span 
effects  as derived in   reference 10, ( c )  the a i r   fo rces  of reference 9 f o r  
the case of C( k) = 1, ( d )  the   a i r   forces  of ( c )  modified by the  correc- 
t i o n  A/(A + 2) . 

A aerodynamic aspect  ratio,  for  rectangular  plan-form wings, Z/C 

a nondimensional dis tance  ( in  wing semichords) from wing  midchord 
l ine   to   loca t ion  of the  elastic  axis,   posit ive when e l a s t i c  
axis i s  behind wing midchord line 

2 wing span 

Theodorsen’s flrnction F( k) + iG(k) ( r e f .  9 )  

C wing chord 

expressions  appearing $n determinant  (defined in appendix) 
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first bending natural frequency,  cps 

first tors ion natural frequency,  cps 

damping coefficients  as  defined  in  reference 11 

the bending deflection of  Wiw at span s t a t ion  y given i n  
terms of reference  deflection (at tip) and normalized mode, 
hofh(Y) 

mass mament of  i n e r t i a  of fuselage and wfngs about the  pi tch 
axis 

mass moment of  i n e r t i a  of wing per unit length  about wing 
e la s t i c  axis 

reduced  frequency  parameter, w / 2 V  

mass of  wing per unit length 

angle of pi tch of fuselage  center line, positive when nose up 

dynamic pressure 

nondimensioml radius of  gyration of  w i n g  section  about wing 

1, sec t ion   e las t ic  ax is ,  r2 = 4 - 
mc2 

nondimemioml  dietance ( i n  wing semichords) from wing midchord 
l i n e  to fuselage  pitch axis measured pa ra l l e l  to fuselage  center 
l ine,   posit ive when pi tch axis is behind wing midchord l i n e  

f l u t t e r  speed 

nondimensional f l u t t e r  speed coeff ic ient  

nondimensional posit ion of wing-section  center of grartty i n  
wing semichords r e l a t ive  to the wing sec t ion   e las t ic  axis, 
posit ive when center of gravity is  behind e l a s t i c   ax i s  

coordinate of apan s t a t i o n  measured from fuselage  center line 

t o r s iona l  deflection of w i n g  a t  span s t a t ion  y in terms of 
reference  deflection a. ( a t   t i p )  and normalized mode, 
sofa( Y) 



cr r a t l o  of mass of wlng t o   t he  mass of a cylinder of air of a 
diameter  equal t o   t he  chord  of wing, both  taken  for  equal 

length a long the span, CI = - 4m 
rtPC2 

P mass density  per unit volume of a i r  

Ow Oh, be correction  factors  to C ( k )  which vary with  span  station as 
given i n  reference 10 

bl parameter  defined by R = (wh/cD) ( 1 + i g )  2 

(u c i rcu lar  frequency  of f l u t t e r  

"h 
% circular  frequency of natural  torsional  deformation 

circular  frequency of natural  bending  deformation 

APPARATUS AND METHOD 

Tunnel.- The experiments were conducted i n  air a t  atmospheric  pres- 
sure i n   t h e  Langley 4.5-foot f lutter  research  tunnel which is a closed- 
throat  single-return  type hamhg a cyl indrical   tes t   sectfon.  The highest 
vehc i ty   repor ted   in   these   t es t s  is 338 feet   per  second, corresponding 
t o  a Mach  number of  0.32. The Reynolds number was greater  than 1 X 106. 

Model.- The model used i n  these  experiments was intentionally s i m -  
p l i f i ed  and i s  shown i n   f i gu re  1. The model consisted of a fuselage  with 
ve r t i ca l  tail and the aerodynamic surfaces  to  be examined. The fuselage, 
of  1-inch-square aluminum stock, was 31.75 inches in length. The fuse- 
lage was mounted on a ball-bearing  pivot and had no spring  restraint  in  the 
pitching  degree of freedom. Provision was made f o r  this bearing t o  be 
located a t  various  positions on the  forward 13 inches  of  the  fuselage.' 
Lead counter  weights were  employed t o  maintain, as near as possible, 
static  balance of the   en t i re  model abmt  the  bearing  support. No pro- 
vision was made f o r  ,maintainin@; a constant mass moment of inertia about 
the  pi tch axis. Conssquently, this   iner t ia   var ied  with  the  posi t ion of  
the w i n g s  and with  the  counter  weighting  used  for  each  pitch axis. The 
w i n g s  could  be  attached to   the  fuselage a t  s ix   different   s ta t ions.  

The model w m  mounted i n  the tunnel by m e  of taut wires connected 
to the  stationary  bearing  support;  thus,  although  the  bearing how- 
was held firm, the  fuselage  could  pitch  about  the  bearing a x i B  and  had 
some freedom i n  yaw. A r ig id  (as compared with  the w i n g s )  v e r t i c a l   t a i l  
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of  2.8 X 9.5 X 0.125 aluminum plate   effect ively  res t ra ined  the freedom 
of ya.w when under the  influence  of the air stream. 

Wings.- The d i f fe ren t   se t s  of wings were  mounted in base  blocks t o  
f ac i l i t a t e   t he   va r i a t ion  i n  the i r   loca t ion   re la t ive   to   the   p i tch ing  axis. 
Experiments w e r e  cpnducted on  two se t s  of wood wings, designated wings I 
and w i n g s  11. These w i n g s  had an a i r f o i l   s e c t i o n  of  NACA 16-006 and were 
made of sol id  maple. It w a s  necessary to   cut   s lots   perpendicular   to   the 
plane of the w l n g  i n  the chordwise direct ion t o  reduce the s t ruc tura l  
s t i f fnesses  so tha t   the   des i red   f lu t te r  might be  obtained a t  the  desfred 
speeds. The structural  properties  are  presented in tab le  I (a) .  

The 45' swept w i n g s  used i n  the experiment were -inch aluminum- 

a l loy  sheet. These wings had the same tip-to-tip  distance as w i n g s  I 
and I1 and had a sheared t i p  plan. The structural  properties  are  pre- 
aented in   t ab l e   I (b ) .  

Instrumentation.- The instrumentation  consisted  of  resistance-type 
s t r a i n  gages mounted at the  root of  each wing s o  as to   ind ica te   the  bending 
or  torsion  defoiplation  or both. The strain-gage  output was recorded on 
an  oscillograph. The act ion of both  the  flrselage and the  w i n g s  could  be 
qual i ta t ively determined from t h i s  record,  sfnce from observation It was 
noted that the pitching  of  the  fuselage w a s  accompanfed by the  bending of 
the w i n g s .  Although this  instrumentation  yields  frequencies  of  oscilla- 
tion,  the phase  between bending and torsion, and relatfve  amplitudes of 
the wing deformations, it does not  give  the phase  between the  pitch5ng 
of the  fuselage and the wing deformation  or the amplitude of the  pitching 
osci l la t ion.  

Test  procedure.- In order   to   obtain the f l u t t e r  of the model f o r  a 
given wing location, the airspeed was increwed  s lowly  unt i l   f lut ter  was 
observed. The strain-gage  outputs and the  tunnel  conditions were then 
noted. 

ANALYTICAL CONS IDIERATIONS 

The analytical  procedures are indicated in this section i n  order t o  
provide a background before  presenting  the  results  of  the  experiments. 
In  previous  investigations,  involving  cases where we values  of  reduced 
frequency  are  fairly high, it has been found tha t  the f lu t te r   ca lcu la t ions  
based on  two-dimensional osc i l la t ing  a i r  forces usually give good agree- 
ment w i t h  experiment. In   these tests, however, the  values of  the  reduced 
frequency parameter were low, bordering on those  encountered in cer ta in  
s t a b i l i t y  phenomena. It was felt ,   therefore,  that the two-dimensional 
theory would have t o  be  modified to account for   aspect-rat io   effects  and 
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possibly  other  factors. Accordingly,  computations of t he   f l u t t e r  were 
made using several   different concepts of the air forces nnd moments 
involved. These concepts are  designated as follows: 

A air forces of two dimensional  incompressible  flow as i n  

B a i r  forces of concept A modified by the  aspect  ratio  correction 

C air forces of concept A with the  circulation  function C(k) = 1 

reference 9 

of Reissner as i n  reference 10 

D air forces of concept C reduced by the  aspect  ratio  correction 
factor  - A 

A + 2  

I n  A t o  D on ly  the aerodynamic terms in  the  equatiom of  equilibrium  are 
altered,   the  structural  terms  remaining unchanged. 

'The model was treated  as having three  degrees of freedom, pitching 
about  the  bearing  pivot, and two wing-deformation  degrees  of freedom which 
are approximated by the first uncoupled  bending and first  uncoupled 
torsion modal shapes of an ideal  uniform cantilever beam. In  order   to  
determine i f  the  structural   representation was adequate, a different ia l -  
equation  type of f lu t te r   ana lys i s  as presented in  reference 12 was per- 
formed  on one case. The resu l t s  of this   analysis   are  shown i n   f i g w e  2 
and indicate that the  representation m s  adequate. 

The wings were treated as though they extended through the fdeelage, 
and no attempt was  made t o  approximate the  a i r   forces   ar is ing from the 
fuselage. The aerodpamic  forces a t  each span s ta t ion  were  assumed t o  be 
proportional  to  the  displacement and motion of  the wing section at that 
s t a t ion   ( s t r ip  analysis). 

Since  the  pitching  degree of freedom  has zero natural f'requency, the 
equations of  motion for   the model undergoing harmonic motion are of the 
following form: 

J 
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The equations and the  definit ions of the quant i t ies   di j   are   given  in   the 
appendix. The border  condition  of  stabikity  or  flutter i s  given for   the  
determinant of the  coefficients  equal  to  zero. 

REXULTS AND DISCUSSIOM 

The r e su l t s  of the experiments  and of the computations are presented 
in   t ab l e  I1 and i l l u s t r a t ed  in figures 2 and 3. Computations A, C, and D 
(see appendix) were performed f o r  each  experimental  point f o r   u n s e p t  
wings involving  the low-frequency  wing-deformation-body-pitching f l u t t e r  
while  computation B was performed f o r  two cases. In the experiments  using 
45O swept wings no low-frequency f l u t t e r  was obtained and no calculations 
were performed. The conditions  for  these  experiments are given i n  
table  111. 

Unswe t win s. - In  table  I1 it may be  seen that the experimental 
value'-creases as the  distance from the  root midchord t o  
pi tch  axis  is decreased. A similar trend i s  also  noted  for a l l  the 
ana ly t ica l   resu l t s .  It i s  seen that the  order of magnitude  of the 
analytical coeff ic ients   for  B and D a r e   i n  agreement  with the  experi- 
mental  values; whereas, considerable  differences are noted between the 
results of A and C and the  experimental 2V/% coefficients.  The 
significance of correcting  the air  forces   for  some e f fec t s  of aspect 
r a t i o  may be  evidenced by the improvement In t h s  resu l t s  with the  experi- 
ment when  some correction is  made. 

It i s  of interest t o  note that   calculation A ind ica ted   tha t   f lu t te r  
of this   type was unobtainable  for s = -2.4 while calculations C and D 
predicted  f lut ter .  As indicated in figures 2 and 3 the  nature  of  the 
f l u t t e r  as discerned from analysis is  changing t o  a different  type of 
ins tab i l i ty .  An attempt was made to   obtain wing deformation-body- 
pitching  f lutter  experimentally when s l&y in the  region  described as 
single degree of freedom ins tab i l i ty ,   bu t  no instab ' i l i ty  was noted  (see 
table  11). 

c 

In order t o  determine the  bending-torsion-flutter  characteristics of 
wings I, some tests were made with  the  fuselage  restrained in pitch. An 
fns t ab i l i t y  of destructive  violence was encountered which resulted Fn the 
loss of the wings. The loss of the wings casle without  warning and, unfor- 
tunately,  only the a i r  velocity a t  &struction was obtahed. From cal- 
culat ions  for  wing bending-torsion f lu t t e r   w ing   t he   fo rces  of  reference 9 
a theo re t i ca l   f l u t t e r  speed waa obtained that was 17.4 percent lower  than 
the experimental  velocity. The torsional  divergence speed, as calculated 
by  the method of  reference ll, is 9 percent lower than the  experimental 
velocity. These data are given i n  table II and  figure 2. No tests of 

,. t h i s  kind were made f o r  wings I1 for   they had been damaged in previous 
tes t ing.  

I%oIIIIsB 
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The correlation of the  calculated  frequencies  to  the  experimental 
frequencies may be  seen by referr ing  to   table  11. Calculated  frequencies 
of B, C ,  and D appear t o  be  consistently  higher  than  those of the  experi- 
ment, while  the  calculated  frequencies of A appear t o  be  .consistently 
lower than  the  experimental values. However, the  trend of the  experi- 
mental  frequency to  increase  as  the wings a re  moved rearward is predicted 
by the  results of the  analysis. Furthermore, i f  both  experimental and 
computed frequencies  are  referred  to  the  natural  deformation  frequencies 
of the wing (fh 7 26.9 cps, f a  = 106 cps), it i s  seen that the cal- 
culated  frequencles  are of -@e same order as the  experimental  frequencies. 

Swept wings.- I n  the  experiments  involving  the 45O swept wings, no 
low-frequency f l u t t e r  was obtained  for  the  range of wing locations 
examined. The wing-root-midchord location was varied from 8 = 0 to  
a = 5.88, where the  reference semichord is  taken normal t o  the wing 
leading edge. The data for  these experiments are  presented in table  111. 
In  references 6, 7, and 8 wing f l u t t e r   h v o l v h g  body freedoms in  both 
pi tch and translation  has been reported  for  the swept w i n g .  I n  those 
tests,  conditions of mall body ine r t i a s  and the mass center  location . 
within  the  root chord of the King were used. In the  present simple 
experiments,  these  conditions were not  obtained  and  could  poasibly 
account for the absence of f l u t t e r .  

/ 

CONCLUDING RWARKS 

A low-frequency f lut ter . involving  interact ion between rigid-body 
pitching  and wing deformation was obtained  experimentally on an unewept 
wing. The flutter-speed  coefficient  increased as the wing was moved 
rearward along  the  fuselage away from the pitch  axis.  This  trend was 
also  indicated by theoretical  calculations  based on various  assmptions 
regarding  the a i r   forces .  No f l u t t e r  was obtained  for a similar win@;- 
body combination  with 45O swept Kin@;s for   the few cases  considered. 

Langley Aeronautical  Laboratory, 
National Advisory Committee for  Aeronautics, 

Langley Field, Va . 
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APPENDIX 

DETERMINATION OF THE FLUFJTR DETERplINANT . 

9 

The equations o f  motion for a system  having a body freedom i n  pi tch 
and wing deformation freedoms i n  twisting and bending are obtained from 
Lagrange's  equations. The kinetic  energy of the system i s  as follows: 

The potent ia l  energy is given by 

The generalized work 5 s  given by 
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From Lagrang 
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e ’ s  equation  the following equations  are  obtained: 

d13 - 2 h O  + d a + d3360 = 0 
C 32 0 

2 
I n  these  equations R = (%) (1 + ig) where g has the  properties of a 

damping coefficient. The quantities  dl3  are 
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The I, a r e   f o r  moda 

r l  

1 shapes  considered, 

J’ fhf@ * 
JII’ fh2m 

12 = = 1.5662 

The A i 3  are   the aerodynamic expressions which are modified i n  
various ways as depicted in the section  entitled  “Analytical 
Considerations” and are  given as follows: 

A,.h(k) = -1 - - + i - 2 G  2F 
k k 
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Section 
Material 

Semispan Length (Center l ine 
of fuselage to tip) 

Density 

Elastic  axis 
C 

Section  center of p a v i t y  
R 

i fa 

' .a2 
g 
fh 

,. ,." 

1 A  

.. . . ... I 

, 

TABLE I.- WING P- 

(a) Unswept Wing 

Wing I w i n g  I1 

R i g h t  Left R i g h t  Left 

NACA 16-006 
Maple Maple Maple 

HACA 16-006 NACA 16-006 

1.298 f t  

0.~216 lb/in.3 0.0216 ib/in.3 0.0216 1 b / d  

1.298 ft 1.298 f t  

0.333 f t  0.333 ft 0.333 ft 
38.0 perceni c 

46.8 percent c 46.8 percent c 46.8 percent c 
40.6 percent c 45.4 percent c 

-0 3 24 -0.188 -0 .ow 
0.176 

0.245 0 .e30 0.261. 

0.124 o .028 

0 -63 0.03 0.03 
29.9 CPS 27.0  cpa 27.0 Cp6 

106 cps 105 cps 105 cps 

7-25 I 7-25 

.. . ... 
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TABLE I. - WING PARAME;TERs - Concluded 
(b) 45O Swept Wings 

NACA RM L52124 

Section . . . . . . . . . . . . . . . . . 0.064-inch-thick flat  plate 
Material . . . . . . . . . . . . . . . . . . . . . . . . . . aluminum 
Semispan  length  (center line of fuselage to tip) ft . . . . . . 1.298 
Chord perpendicule  to leading edge, ft . . . . . . . . . . . . 0.333 
Density, l b / i ~ ~ . ~  . . . . . . .. . . . . . . . . . . . . . . . . 0.101 
Elastic axis, percent chord . . . . . . . . . . . . . . . . . . . . 50 
Center of gravity,  percent  chord . . . . . . . . . . . . . . . . . 50 
fh, CPS.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.1 
~ ~ , C P S  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33.3 

8 



I T v 
ft/sec 

9 
lb/ft2 

E - 
C 

- 
D A 

73.7 

55.1 
30.6 

55.1 101. g 
99.8 

104.7 
103.8 
109.2 - 

3-08 

8.41 
6.88. 

9.17 

10 22 
9.60 

9.06 
8.23 
9.59 - 

8.86 
9.21 

l0 .W 
10.10 - 
lo.45 

10.61 
10 ..34 

10.56 
10.63 

-4.68 
-2.412 

-6.43 
-7.50 
-8.26 

-8.26 
-8.26 

-8.26 
-9.32 

8.66 
8.31 
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0 

-1.16 

TABU 111.- TEST CONDITIONS FOR 45' SWEF'I' WING 

I 

""" 

0.1092 

17'14 

.2160 

. 2 m  

v 

214.3 

217.2 

""_ 

""_ 
-"" 

9 

55 -2 

56.2 

"" 

"" 

"" 

f 

25.3 

23 .o 

"" 

"" 

"" 

Comments 

spar locked 

F l u t t e r  was bending-torsion type 

Low-reduced-frequency: f l u t t e r   n o t  
obtained  and data f o r  bending- 
tors ion f lut terwere not recorded 

a 
8 

edge. 
is mmdimenBional i n  semichords which are normal to leading 

"@7 



. .  . . .  . . .  

3r 

. .  

I , 

F I g ~ a e  1.- Sketch of mod.& 

.. . . . .  
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Wing location, 8 

NACA IFil L52I24 

Figure 2.- F lu t te r   coef f ic ien t  a g a i n a t  sqing location for wood wings I. 
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NACA RM L m 2 4  - 

Wing l o o a t i o n ,  8 
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Figure 3.- Flutter coefficient against w i n g  location for wood wings 11. - 
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